Abstract-This paper presents the first end-to-end field trial of the U.S. three-tier Citizens Broadband Radio Service (CBRS) with carrier aggregation using commercial 3.5 GHz network elements in a live LTE-A test network. The trial features an assignment of a shared spectrum to an operational LTE base station and demonstrates how it boosts the end user mobile data rate due to extended bandwidth availability. The field trial is important as it shows that a spectrum access system can be implemented utilizing existing network systems and latest technologies. The field trial allows studying the operation of a real system and comparing the performance to the relevant FCC requirements and particularly those related to different response times between the LTE-A network and CBRS.
I. INTRODUCTION
A field trial of the U.S. three-tier Citizens Broadband Radio Service (CBRS) is presented to provide higher bit rates for mobile broadband users. A mobile network operator (MNO) has licensed 10 MHz spectrum from the 3GPP band 42 for LTE, and when available from the Spectrum Access System (SAS), the operator boosts the existing broadband service by using shared spectrum over the 3GPP band 48 for CBRS. Carrier aggregation is an LTE-Advanced (3GPP Release 10 and above) technology that allows combining separate spectrum bands and increasing the bandwidth available to LTE base stations. The end users see this as an improved mobile data rate. The presented CBRS field trial is part of the Finnish spectrum sharing trial continuum which began in 2013 with the world's first Licensed Shared Access (LSA) trials [1, 2] and evolved to an SAS/CBRS field trial in 2016 [3] .
II. ARCHITECTURE OF THE FIELD TRIAL The Finnish live CBRS trial is depicted in Fig. 1 . The key building blocks are developed and governed by multiple partners of the CORE++ project [4] . In CBRS, the spectrum sharing is managed by SAS. We present SAS elements such as a Domain Proxy (DP), CBRS device (CBSD) and SAS implementations, which are based on the Federal Communications Commission's (FCC) definitions and the Wireless Innovation Forum (WInnF) Spectrum Sharing Committee's recommendations [5] . Additional SAS trial components include a radar sensing system and SAS algorithm. The test network is built using commercial LTE network elements: user equipment (UE), base stations and an evolved packet core (EPC), as well as platforms such as a network management system (NMS) and Self-Organizing Networks (SON).
The Radar Sensing System detects incumbent use in the shared band. In a 3.5 GHz SAS, the incumbent users are mainly U.S. Department of Defense (DoD) shipborne radars operating in coastal areas and non-federal Fixed Satellite Service (FSS) earth stations. A radar signal system generates a real signal in accordance with the SPN-43 radar characteristics [6] . The radar sensing system consists of a spectrum sensor and software, which records power level values with a frequency resolution of 19.531 kHz over the 20 MHz bandwidth in the SAS band. The software records power levels higher than -90 dBm and reports these to SAS as incumbent use. The occupancy scan is performed every 45 seconds. SAS determines the available frequencies and assigns them to different CBSDs at given locations. In the field trial, the SAS algorithm is a separate component, which enforces the exclusion and protection zones around the incumbent users and protects priority CBSDs against interference. The SAS algorithm aims to maximize the distance of base stations on the same channel and balance the number of base stations on each channel. In the trial, the shared spectrum is managed using four 10 MHz channels in nine census tracts located in the town of Ylivieska. Each census tract has 40 MHz of the shared band.
The DP is implemented into the network management system as a SON module and it is able to issue commands to NMS to configure the base stations. The carrier aggregation capabilities are demonstrated with CBSD-2, using the shared spectrum as additional bandwidth. In practice, the licensed spectrum is configured to the base station as one cell and the aggregated shared spectrum band as another cell. Therefore, the DP can configure both cells separately via the NMS.
In the trial, three live commercially available 3GPP Release 10 LTE-Advanced compliant base stations (CBSD-1, CBSD-2, and CBSD-3) are used with the possibility to simulate additional base stations. The test network uses timedivision TD-LTE at 3.5 GHz operating with a test license from the Finnish Communications Regulatory Authority for the 3510-3590 MHz band.
The end user device used is 3GPP Rel.10/11 compliant LTE category 6 single-mode indoor customer premises equipment (CPE). It is an LTE-router that uses the LTE connection for the WAN connection and routes the connection via various connection methods, such as LAN or WLAN. The CPE can support contiguous and noncontiguous bands in carrier aggregation up to 40 MHz. In the trial, the CPE operates over the non-contiguous combined 10+10 MHz band if the band is available, and the throughput of the end-user is measured over the LTE access network from a laptop connected to the CPE.
III. DEMONSTRATION
The carrier aggregation field trial is demonstrated live, but the field test system is located in Finland. We will demonstrate different aspects of the remote field trial: (1) the radar signal remote control, (2) a graphical visualization of the system including the throughput of the CPE, and (3) the Domain Proxy view. We will also show how the cell providing carrier aggregation is enabled when additional bandwidth is allocated for carrier aggregation by the SAS and how the bitrate of the mobile user is increased
The graphical visualization has several views to monitor the trial network in real-time: a topology view, a map view, a CBRS state view, and a CBRS performance view. In the topology view and a map view, the status and bands allocated for live and simulated CBSDs can be followed in the network area. The state view shows the state of the commercial CBSDs. The CBRS performance view displays the measured downlink performance of the end user over CBSD-2. It also illustrates the carrier aggregations occurring in the trial network. Fig. 2 illustrates the topology, state, performance analysis tool views.
